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AbstractAn ultra-wideband (UWB) monopole antenna on 
an additive manufactured (AM) flexible substrate for foot wear 
application is proposed. The 3D printing of foot phantoms for 
the testing of this type of antennas is also introduced. 
Inexpensive fuse filament fabrication (FFF) technology is utilized 
for these developments. Flexible polylactic acid plastic filament 
(PLA) material is used for the antenna while transparent PLA 
for the phantom. The antenna is intended for integration into the 
footwear tongue. The UWB monopole antenna achieves -10dB 
input impedance matching from 3.1GHz to over 10.6GHz in free-
space, on the foot phantom and on the real human body. 
Simulation and measurement confirm the ultra-wideband 
operation of the antenna.  
Index Terms3D printing, Additive manufacturing, 
wearable antenna, foot wear.  
I.  INTRODUCTION  
Wireless health monitoring has attracted significant 
attention in recent year. Monitoring of health is usually carried 
out through wearable sensors, wireless devices and a computer 
system. Wearable sensors receive the human body information, 
wireless devices provide communications and a computer 
system, or smart phone, provide data processing and storage 
[1]. Wearable antennas are needed for these systems [2]  [9]. 
Real time health monitoring can now be achieved, allowing for 
sensing and recording human body changes using body area 
networks.  
     Electronic footwear technology can enable the sensing of 
various human body parameters such as heartbeat, 
temperature, blood pressure and sweat emission. Ultra-
wideband (UWB) technology suits the propagation range in 
body area networks for footwear application [6]. Planar UWB 
Antennas on footwear have been proposed and the 
corresponding body channels have been studied [6], [7]. This 
was carried out using rigid FR4 substrates, which limits the 
applicability of the studies. More recently, inkjet printing 
technology has been used to fabricate a flexible textile antenna 
[8].  
Additive manufacturing or 3D printing is a technology that 
enables the fabrication of complex structures from a digital 
model. This can improve the integrated functionality of 3D 
structures through design flexibility. It also allows for 
fabrication using different types of materials. One of the most 
popular and least expensive 3DP techniques is fuse filament  
     
                      (a)                             (b)   
Fig. 1. UWB antenna on flexible PLA substrate: (a) dimensions of the antenna, 
(b) photograph of the antenna with the feed connector.  
fabrication (FFF). Common materials that are used with FFF 
are polylactic acid (PLA) and Acrylonitrile Butadiene Styrene 
(ABS). Standard PLA has been proved to be suitable for 
wearable antenna applications in [9]. There, a WLAN antenna 
was placed on a 3D printed bracelet.    
Human body phantoms are typically made using liquids 
(e.g sugar and saline solutions, alcohol), gels (e.g. 
polyethylene powder, glycerol), soft materials (Agar, silicon 
rubbers), and solids (eg. ceramics, resins). Discussions of these 
phantoms as well as on the permittivity and conductivity of the 
homogeneous tissue equivalent dielectric liquid were reported 
in [10].  In [9], 3D printing was used to replicate the outer 
layer of a human hand which was then filled with a sugar and 
saline solution.  
     This paper presents the use of inexpensive 3D printing 
technology for the development of flexible antennas and 
phantoms for foot wear applications. A UWB antenna is 
placed on a 3D printed flexible substrate and tested on an also 
printed foot phantom. The printed structures are fabricated 
using FFF technology. Low-cost PLA materials are employed 
for both developments. The antenna is tested on the foots 
bridge and is intended for integration in the tongue of 
footwear. Studies on this specific location were not reported in 
[6] - [8]. The 3D printed phantom is filled with Indexsar liquid 
that replicates the inner human body tissues over a wide 
frequency range [11]. CST Microwave Studio
TM
 was used for 
all simulations in this paper.  
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Fig.4. Antenna on the 3D printed foot phantom (a) 3D
photograph of antenna and last foot phantom  
 
Fig. 5. Reflection coefficient (S11) of the flexible UW
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in free space 
Gain (dB) 
with a foot 
phantom and 
liquid 
3500 3.37 4.59 
5000 3.56 4.09 
6000 2.83 5.12 
7000 2.69 3.93 
9000 3.12 3.97 
 





in free space 
Efficiency (%) 
with a foot 
phantom and 
liquid 
3500 88.5 69.7 
5000 99.4 76.2 
6000 95.5 66.9 
7000 98.4 68.7 
9000 99.7 73.8 
ACKNOWLEDGMENT  
The authors would like to thank Simon Jakes for help with 
fabrication, and Cyril Isenberg for helpful discussions. This 
work was supported by a grant from the UK Royal Society.  
REFERENCES 
[1] J. Rousselot and J.-D. Decotignie  , "Wireless communication systems 
for continuous multiparameter health monitoring," Ultra-Wideband, 
2009. ICUWB 2009. IEEE International Conference on , vol., no., 
pp.480,484, 9-11 Sept. 2009. 
[2] B. Sanz-Izquierdo, F. Huang,J.C. Batchelor, "Covert dual-band 
wearable button antenna," Electronics Letters , vol.42, no.12, 
pp.668,670, 8 June 2006. 
[3] B. Sanz-Izquierdo, J.A. Miller, J.C. Batchelor and M.I. Sobhy, "Dual-
band wearable metallic button antennas and transmission in body area 
networks," Microwaves, Antennas & Propagation, IET , vol.4, no.2, 
pp.182,190, Feb. 2010.  
[4] B. Sanz-Izquerdo and J.C. Batchelor, "A Dual Band Belt 
Antenna," Antenna Technology: Small Antennas and Novel 
Metamaterials, 2008. iWAT 2008. International Workshop on , vol., no., 
pp.374,377, 4-6 March 2008. 
[5] P. S. Hall and Y. Hao,  "Antennas and propagation for body centric 
communications," Antennas and Propagation, 2006. EuCAP 2006. First 
European Conference on , vol., no., pp.1,7, 6-10 Nov. 2006. 
[6] D. Gaetano, P. McEvoy, M. J. Ammann, J. E. Browne, L. Keating, and 
F. Horgan, Footwear Antennas for Body Area Telemetry, Trans. 
Antennas Propag., vol. 61, no. 10, pp. 49084916, 2013. 
[7] V. Sipal, D. Gaetano, P. McEvoy, M. J. Ammann, C. Brannigan, L. 
Keating, and F. Horgan, " Fading and Rician K-factor in the Ultra 
Wideband Footwear-Centric Body Area Network", EuCAP 2014 - 
European Conference on Antennas and Propagation, The Hague, The 
Netherlands, 6 April 2014. 
[8] M. Farooqui and A. Shamim, "Dual band inkjet printed bow-tie slot 
antenna on leather," Antennas and Propagation (EuCAP), 2013 7th 
European Conference on , vol., no., pp.3287,3290, 8-12 April 2013. 
[9] B.Sanz-Izquierdo and S.Jun, "WLAN antenna on 3D printed bracelet 
and wrist phantom," Loughborough Antennas and Propagation 
Conference (LAPC), 2014 Loughborough , vol., no., pp.372,375, 10-11 
Nov. 2014. 
[10] K. Ito, "Human body phantoms for evaluation of wearable and 
implantable antennas",  2nd Eur. Conf. on Antennas and Propagation 
(EuCAP 2007),  2007. 
[11] [online] Http://www.indexsar.com/ (Accessed 11/06/2015) 
[12] T. Yang and W. A. Davis, "Planar half-disk antenna structuresfor 
ultrawideband communications", Proc. IEEEAntennas Propag. Soc. Int. 
Symp.,  vol. 3,  pp.2508 -2511 2004. 
 
 
(a) XZ plane 
 
 
(b) YZ plane 
 
 
(c) XY plane 
 
Fig. 7. Radiation patterns at 3.5 GHz. 
 








(c) XY plane 
 












(c) XY plane 
 
Fig. 9. Radiation patterns at 9 GHz. 
 
 
 
 
 
 
